Key Points.
GNSS-R and sea level
The recorded SNR at a ground-based GNSS station varies during a GNSS satellite 36 passage. In general, the SNR depends on different factors such as satellite signal 37 strength, antenna gain pattern, and multipath environment. According to Nievinski 38 and Larson [2014b] , in case of a single multipath reflection, SNR (in watt/watt) can 39 be written as 40 SNR = P d 1 + P i + 2 P i cos(φ i ) /P n + P I s /P n .
(1)
41
Here, P d is the power received directly from the satellite, P i is the relative interfer-42 ometric power due to reflections, P I s is the incoherent signal power, and P n is the 43 noise power. Assuming a horizontal reflecting surface, the interferometric phase φ i 44 can be written as
46
Here, h is the reflector height, i.e. the vertical distance from the phase center of the GNSS antenna to the reflecting surface, ε is the elevation angle of the satellite, and λ 48 its signal wavelength, while ϕ contains the phase contribution of the antenna pattern 49 and electromagnetic properties of the reflecting surface.
50
Focusing on the geometry-dependent part, SNR observations are usually divided 51 into a trend, tSNR, which mainly depends on the satellite elevation, and the oscil-52 lating part δSNR:
54 δSNR = 2P d P i cos(φ i )/P n . ometric phase φ i for retrieving sea-surface heights through spectral analysis of δSNR.
58
Following these studies, if we write δSNR as a function of x = sin(ε)by inserting 59 the interferometric phase of Eq. (2) into Eq. (4), and then neglect the elevation 60 dependency of P d , P i and ϕ, we obtain
62
where A = 2P d √ P i /P n becomes a constant factor. Therefore, the main spectral 63 component can be translated into a distance between the antenna and the sea surface.
64
However, the spectral method ignores effects of temporal reflector height variations.
physical model for the data analysis. Similar methods have previously been used for 77 snow depth estimation [Nievinski and Larson, 2014c] , where single satellite arcs were 78 analyzed independently, assuming a static reflector height. In order to benefit from 79 the sophisticated properties of inverse modeling, and considering that sea-surface 80 height variations can be approximated as a smooth process, we present an advanced 81 method for sea-surface height retrieval hereafter.
82
First, we extend the simplified form of Equation (5) with an attenuation factor in order to account for the decrease of the multipath oscillation amplitude with increasing elevation. The attenuation factor
relates to the interferometric power P i of Equation (4) 
86
The oscillating part of the SNR will therefore be modeled as:
88 where in-phase/out-of-phase terms C 1 and C 2 replace amplitude and phase in Equa-89 tion (5) for numerical stability during the inversion process. The term Λ = s 2 is 90 introduced for the same reason.
91
Conversion back to A and ϕ is achieved by the following basic relations:
and constructed from zero-degree basis functions which are defined as
157
With these basis functions sea-surface height variations can be approximated as Eq. 12 makes it easy to estimate the coefficients by least-squares methods. as constants over the time span considered in the data analysis, the total number of 175 parameters M T which needs to be estimated from a consistent inverse modeling is 
185
where N is the total number of observations and y i are SNR measurements. However,
186
the high non-linearity of the functional model (cf. Equation (7) variations is highly non-linear.
Parametrization and initial conditions
In order to retrieve sea-surface heights it is important that the analyzed SNR 
Testing and validating the method at two coastal sites
The new method has been tested with data from the GNSS stations at Onsala 
Onsala GNSS-R installation (GTGU)
The GNSS-R tide gauge at the Onsala Space Observatory was installed in the 231 fall of 2011, and has been previously described by Larson et al. [2013] . The site was 232 installed specifically for GNSS-R purposes and therefore has a wide view over the sea,
233
covering almost 180 degrees in azimuth (c.f. it can be used as a reference to which GNSS-R solutions can be compared to.
245
In general, it can be stated that the tidal variations at Onsala are relatively small,
246
and have a daily peak-to-peak variation of around 20 cm. However, meteorological 247 effects, in particular local pressure variations that influence the sea level, are the 248 primary driver for sea level variations at the site. These effects lead to a maximum 249 peak-to-peak variation of the sea-surface height of around 80 cm over the test period. 
Spring Bay GNSS-R installation (SPBY)
The Spring Bay GNSS-R installation is situated close to the city Spring Bay in 251 Tasmania, Australia, and is operated by Geoscience Australia. The site was not 252 installed for GNSS-R purposes, but rather for position monitoring, and has a smaller 253 acceptable azimuth/elevation range than GTGU, see Table 1 . Since the equipment above the average sea surface and is connected to a Leica GRX1200 receiver.
257
There is a co-located acoustic tide gauge at the site which gives one measurement 258 each minute. These measurements are computed as averages from 1 Hz data over a 259 period of one minute. The standard deviation during one minute is on average 1.3 cm 260 for the time period studied in this paper.
261
The peak-to-peak variation of the daily tides at Spring Bay is larger than at Onsala
262
and are approximately 80 cm. Together with long periodic effects, the total peak-to- 
Results
To compare with earlier studies at the Onsala GNSS-R tide gauge, cf. Section 4.1, when comparing to a co-located pressure tide gauge of 4.0 cm and 3.2 cm respectively.
270
In this work, the retrieved sea-surface heights are represented as B-spline functions.
271
Therefore, to compare with measurements from a co-located pressure tide gauge, the found to be 8.5 cm.
292
As seen from Table 2 and Figure 4 , the capability to simultaneously process data 293 from multiple GNSS is beneficial, as the combination of GPS and GLONASS leads to 294 higher precision than using them separately. However, combining L1 and L2 signals 295 in a single inversion process did not result in a significantly improved precision. This process that is the origin of the improvement, but rather the improved temporal and 298 spatial coverage that using several GNSS together provides. More satellites means 299 a higher probability that a GNSS surface reflection is available within the accepted 300 azimuth/elevation sectors at any given time.
301
The standard deviation of the two stations for different numbers of B-spline nodes 302 are presented in Figure 5 . As expected, a higher temporal resolution at first increases 303 the precision of the algorithm. However, after a certain threshold, the precision starts 
310
The sharp increase in standard deviation that occurs at lower number of nodes at 311 SPBY arises since the small number of B-spline nodes reduces the ability to resolve the 312 semi-diurnal tides that are dominant at Spring Bay. For GTGU the same increase in 313 standard deviation is not observed as semi-diurnal tides are less important at Onsala 314 than meteorological effects, which dominate the local sea level and occur on longer 315 timescales.
316
As discussed before, it can be stated that the new inverse modeling strategy out-317 performs both the Lomb-Scargle and phase-difference methods in terms of smaller standard deviation. Moreover, as shown in Table 2 from more GNSS as they become available has the potential to increase the precision 352 of our algorithm, since more available satellites lead to a higher probability for a 353 satellite to be within the accepted azimuth/elevation ranges at any given time.
354
However, even using only one of the signals, the method increases the precision 355 significantly compared to previously used methods. This paves the way for using 356 low-cost GNSS equipment for precise sea level studies.
357
The number of B-spline nodes used in the inversion model has a significant impact Inverse modeling Lomb-Scargle 
